We present a new model for dishing and erosion during chemical-mechanical planarization. According to this model, dishing and erosion is controlled by the local pressure distribution between features on the wafer and the polishing pad. The model uses a contact mechanics analysis based on the work by Greenwood to evaluate the pressure distribution taking into account the compliance of the pad as well as its roughness. Using the model, the effects of pattern density, line width, applied down-force, selectivity, pad properties, etc. on both dishing and erosion can be readily evaluated. The model may be applied to CMP used for oxide planarization, metal damascene or shallow trench isolation.
INTRODUCTION
With the advent of shallow trench isolation (STI) and copper interconnects, chemicalmechanical polishing (CMP) has emerged as one of the most important operations in the fabrication of integrated circuits. Even so, the CMP process is still fairly poorly understood. This is so because, in spite of its apparent simplicity, CMP is a complicated process in which both mechanical and chemical factors play an important role. Chemical-mechanical polishing is very sensitive to pattern geometry effects and may results in dishing of metal lines and erosion of dielectrics. Since the surface topography of a wafer after a CMP process step has a significant impact on wafer yield, numerous attempts have been made to predict the evolution of the wafer surface during the polishing process. One of the first models that allowed quantitative predictions of wafer topography was a phenomenological model proposed by Warnock 1 . While useful in the pressure distribution between wafer and pad and thus plays an important role in determining the wafer surface profile after polishing 5, 6 . Yet another model takes into account the roughness of the polishing pad and describes CMP in terms of asperity contacts between wafer and pad 7 .
In this paper, we present a contact-mechanics based model for the evolution of the surface profile of a wafer during the CMP process that takes into account both the roughness and elastic deformation of the polishing pad. This model is then used to study dielectric erosion and metal dishing as a function of CMP process parameters and wafer pattern geometry.
DESCRIPTION OF THE MODEL
We model the CMP process as the contact of a compliant polishing pad with the surface of a rigid wafer (See Fig. 1 ). The surface of the pad is assumed to be rough and to contain asperities with a given height distribution. The surface of the wafer is assumed to be patterned. The wafer pattern is quite general and can be any pattern found in copper CMP, oxide planarization or STI. When the wafer is pressed against the pad, some of the pad asperities contact the wafer directly, transferring the force from the wafer to the pad and elastically deforming the polishing pad. The contact pressure between pad and wafer can then be calculated using contact mechanics following the approach first formulated by Greenwood et al. 8 . Once the contact pressure is known, the local removal rate is determined using Preston's equation. The heights of the pad asperities are assumed to follow an exponential distribution:
where z is the height of the asperity above or below the pad surface. The variable σ is a characteristic roughness parameter that represents the width of the asperity height distribution and that can be measured for a given pad. We assume that the tops of the asperities are spherical, all with the same radius, and that they deform elastically according to the laws governing Hertzian contact. Let T(x, t) be a function describing the surface profile of the wafer at a given time t. The pattern in the wafer is assumed to be two-dimensional and periodic with period L, but otherwise perfectly general. By using a periodic function, a wide range of surface profiles can be simulated from an isolated line in a field ( L → ∞) to periodic arrays of dense lines. 
M4.6.2
When the wafer is pressed against the polishing pad, asperities with heights greater than the gap between wafer and pad will be compressed and transfer load from the wafer to the pad, which in turn will deform elastically. If w(x, t) represents the shape of the deformed pad surface at time t, then the gap between pad surface and wafer is
The force transmitted by an individual asperity of height z is then given by the Hertz formula
where E and ν are Young's modulus and Poisson's ratio of the pad, respectively, and κ is the curvature of the top of the asperity. The pressure between wafer and pad due to all pad asperities in contact with the wafer is then:
where η is the asperity density. After a change of variables, the integral can be readily calculated leading to the following expression for the pressure distribution:
If the deformation of the pad w(x, t) is known, the pressure distribution between wafer and pad can be calculated directly from Eq. (5). We now derive an expression for the pad deformation w(x, t) as a result of the pressure distribution p(x, t). The plane-strain deformation, w(x, t), of a half space under a periodic pressure distribution is given by the following expression 9, 10 :
After integrating Eq. (7), we find the following expression for w(x, t):
Equations (5) and (7) form a set of two equations that describe the pressure distribution between polishing pad and wafer, and the ensuing pad deformation. It should be noted that Eq. (7) gives the deformation of the pad at a given time t only to within a constant C(t), which is typical for plane-strain contact problems. The value of C can be determined from the requirement that the pressure distribution integrated over one period be equal to the applied load. Once the pressure distribution is known, the local removal or wear rate, R, can be calculated using Preston's equation:
where k(x) is the wear coefficient and v(x) is the velocity of the wafer relative to the pad. If the wafer surface consists of different materials, the wear coefficient is a function of position. Integration of Preston's equation over time taking into account the initial surface topography yields the evolution of the surface profile T(x, t) as a function of time. Note that Preston's law assumes that the removal rate increases linearly with pressure, but any wear law in which the removal rate increases monotonously with pressure can be used instead. Qualitatively, the results should remain the same. It is interesting to consider the behavior of this model for limiting values of the parameter σ. If the pad is very rough compared to the relief on the wafer, i.e., σ is much larger than w -T , then the pressure profile is nearly constant and the removal rate only depends on the local value of the wear coefficient k(x) in Preston's law. If, on the other hand, the pad surface is very smooth, σ approaches zero. In that case, Eq. (5) shows that the pressure is finite when there is no gap between wafer and polishing pad, and zero otherwise. Any changes in surface relief of the wafer can then be attributed to compression of the pad in addition to wear coefficient variations, as proposed in the model by Chekina 6 .
Equations (5) and (7) have to be solved numerically for the pressure distribution and the corresponding pad deflection. This can be done iteratively by assuming an initial pressure distribution and using Eq. (5) to calculate the corresponding pad deflection. Equation (7) is then used to calculate an updated pressure distribution. This procedure is repeated until convergence is obtained. The integral in Eq. (7) has to be evaluated numerically and special care needs to be taken in the neighborhood of singular values of the integrand. Given the contact pressure distribution, the surface profile is determined through integration of Eq. (8) using the forward Euler method.
RESULTS AND DISCUSSION
Selected numerical results are shown in Figs. 2 through 7. Figures 2 and 3 depict the evolution of the surface profile and contact pressure for a metal line embedded in a dielectric matrix as a function of polish time. The nominal polish rate was taken to be 3000 /min with a selectivity for the dielectric of 30%. Figure 2 clearly shows that the recess or dishing of the metal line increases with increasing polish time. At the same time, the corners of the dielectric get more rounded. This is a direct result of the contact pressure distributions shown in Fig. 3 . The pressure profile starts out constant at 15 kPa, but quickly changes to form maxima near the edges of the dielectric. These pressure peaks cause the dielectric to be eroded more quickly and rounded corners are formed. Eventually a steady state is approached in which the removal rates of the metal line and the surrounding dielectric are the same. At this point, the pressure distribution within individual metal and dielectric areas is constant and the ratio of the pressure over the metal to that over the dielectric is given by the selectivity. Figure 4 shows the effect of the plane-strain elastic modulus of the pad on the surface profile of the wafer. A more compliant pad clearly results in more dishing since the pad deflects more easily into recessed areas on the M4.6.4 Other roughness parameters such as asperity density and curvature do not have any impact on wafer surface topography. The effect of line width on dishing is shown in Fig. 6 . According to the model, dishing of metal lines increases linearly with line width in agreement with experimental results 11 . It should be noted, however, that the model is valid only for features wide enough that pad asperities can enter the recessed areas. This explains the finite amount of dishing in the limit of zero line width. Figure 7 shows the amount of dielectric erosion as a function of pattern density. Erosion is clearly very sensitive to pattern density and increases with increasing polish time, which is also observed experimentally 11 .
CONCLUSIONS
A new, contact-mechanics based model for chemical-mechanical polishing has been presented. The model takes into account the compliance of the polishing pad as well as its roughness. It allows for easy calculation of the evolution of the wafer surface topography during the polishing process. The trends for dielectric erosion and metal dishing predicted by the model agree well with experimental observations reported in the literature, but more detailed experimental verification will need to be performed by means of well-controlled experiments.
